Aggressive scaling down of the metal-oxide-semiconductor-field-effect-transistor (MOSFET) makes it possible to replace the conventional poly-silicon gate by a metal gate stack. The advantages of metal gates are low resistivity, a lack of charge depletion, and no need for doping in poly-Si, which can penetrate into the gate dielectric[@b1]. The ability to adjust threshold voltage control for low voltage operation in metal gate devices via the work function of the gate materials remains a key factor[@b2]. Among various metal gate candidate materials, TiN has been widely used because it is chemically inert, has a low resistivity, and is compatible with current processing techniques[@b3]. In general, the work function of the integrated metal-gate electrode/oxide/Si-sub structure is different from that of pure materials due to the formation of interfacial layers between each material. This phenomenon results in an effective work function (EWF), which is one of the most important parameters utilized in determining device performance[@b4]. The EWF can change by varying the gate-electrode and oxide interface properties. Therefore, work function engineering is required to control the EWF by handling the following conditions: (1) formation of the interface bonding, (2) charge movement in the interface (i.e. formation of interface dipole), and (3) generation of defects in the interface. The EWF reported to be increase by inserting LaO/HfSiO, AlO/HfLaSiO~x~, or HfO as a work function control layer because of the silicate layer formation between SiO~2~ and each work function control layer[@b5][@b6][@b7]. Z. Essa *et al*. reported[@b5] the negative EWF shift caused by formation of a La-silicate layer in TiN/LaO/HfSiON/SiO~2~/Si-sub devices. A. Spessot *et al*. alternatively reported[@b8] that the La-silicate caused a positive EWF shift. These results have been highly controversial.

In this study, the work function depth profiling technique has been applied to measure the work function of the gate electrodes directly; further, the work function was obtained from the cutoff energy of secondary electron energy distribution induced with the incident low energy (\<2 keV) electron beam during Ar^+^ ion sputtering[@b9][@b10]. The advantage of this technique is to measure the work function of a localized area using a focused electron beam and measure an accurate work function of the surface using a low energy electron beam. These results demonstrated the mechanism of the work function changes, which were observed by using the LaO or ZrO as a work function control layer in TiN metal gate stacks.

Experimental
============

We evaluated the V~FB~ shift by calculating the EWFs for the TiN/(LaO or ZrO)/SiO~2~ stack structures. A 70 Å thick thermal oxide was grown on a p-type Si(100) wafer, and the inserted layers (LaO, ZrO) were deposited using atomic layer deposition (ALD) with precursors of La(iPrCp)~3~ and ZrCl~4~, an oxidant (H~2~O, O~3~), and purging gas (Ar) in the temperature range of 300 °C to 350 °C. ALD cycles performed using alternating pulses (0.05 s) of precursors and oxidant. Purging gas was introduced between the pulses. Each cycle a layer \<0.5 Å was generated. A TiN electrode was deposited by using chemical vapor deposition (CVD) between 600 and 700 °C at a pressure of 2 Torr at a precursor temperature of 55 °C and Ar carrier gas of 80 sccm. The samples were post-annealed by using a rapid thermal annealing (RTA) process at 1000 °C for 120 sec. The thickness of LaO and ZrO as the insert layers were 4.5, 7.0, 10.0 Å, and 5.0, 8.0, 11.0 Å, respectively. We measured the shift of the flat band voltage (V~FB~) via capacitance voltage measurements using a Boonton capacitance meter at 1 MHz. The film composition was determined using Rutherford backscattering (RBS). The RBS analysis was carried out with a 450 keV He^+^ probe beam, with an incident angle of 50° and a scattering angle of 70.5°. To analyze the cross-sectional composition and image the TiN/LaO/SiO~2~/Si stack, high-resolution transmission electron microscopy analysis was used with a Cs-corrected FEI Titan microscope operating at 300 kV, and TEM- energy dispersive spectroscopy (EDS) was used. PHI4700 Auger electron spectroscopy (AES) was used to directly measure the work function from cutoff energy of secondary electron energy distribution induced by the 1 keV primary electron beam. The sample bias was set at −30 V. The depth profiling of the work function was obtained during the 1 keV Ar^+^ ion sputtering. The work function measurements were also performed via ultraviolet photoemission spectroscopy (UPS) using a PHI 5000 Versaprobe (ULVAC-PHI) with a He I discharge lamp (*hν* = 21.2 eV).

The *V*~*FB*~ of the high dielectric gate oxide material stack structure such as the metal/high-k/SiO~2~/Si structure is given as follows[@b11].

where *ϕ*~(m,vac)~ is the gate stack work function in vacuum, ∆V is the interfacial dipoles, *ϕ*~s~ is the silicon work function, EOT is the equivalent oxide thickness, *ɛ*~ox~ the permittivity of SiO~2~, and Q~ox~ is the equivalent oxide charge density, which is assumed to be located at the dielectric/silicon interface.

Results and Discussion
======================

[Figure 1(a)](#f1){ref-type="fig"} illustrates the *C-V* plot as a function of the thickness of LaO and ZrO. It can be noted that for LaO thicknesses up to 7 Å the insertion of a LaO layer induces a negative shift of *V*~*FB*~ with respect to the reference structure (TiN/SiO~2~/Si), which increases with the thickness. However, for a LaO thickness of 10 Å, a decrease of the negative shift of *V*~*FB*~ is observed, with a *V*~*FB*~ value below that corresponding to 7 Å. Our previous paper reported[@b12] that the EWF exponentially decreased as La doping concentration increased in a TiN gate electrode. Accordingly, the chemical compositions of the TiN/LaO/SiO~2~/Si-sub stacks were measured via TEM-EDX and TEM, in order to interpret the above-mentioned results. When we introduced the LaO capping layer, *V*~*FB*~ increased ([Fig. 1(a)](#f1){ref-type="fig"}), and the negative *V*~*FB*~ increased with increasing LaO thickness. Therefore, This imply that the threshold voltage (*V*~*th*~) can be adjusted by using a LaO layer in TiN/SiO~2~/Si stack structures. The maximum negative shift of *V*~*FB*~ was observed at the LaO capping layer of thickness 7 Å; however, the negative shift reduced when the thickness of the LaO capping layer exceeded 10 Å. In contrast to La, the *V*~*FB*~ of both materials shifted positively and exhibited a greater positive shift as the thickness of ZrO increased. The Zr-silicate showing a positive EWF was observed at the ZrO/SiO~2~ interface with a ZrO capping layer.

[Figure 1(b)](#f1){ref-type="fig"} shows the work function at the TiN surface, measured via UPS and AES. The work function obtained from the AES method is smaller than that of the UPS method. However, the tendency to increase and decrease of work function obtained from both methods is in good agreement. In the case of the samples with inserted LaO layers, the work function from both techniques decreased as the LaO thickness increased up to 7 Å, while in the case of ZrO, the work function increased as the thickness of the ZrO increased.

These results were consistent with the results obtained from the *C-V* measurements.

[Figure 2(a)](#f2){ref-type="fig"} illustrates the TEM and TEM- EDS images of TiN/LaO/SiO~2~/Si-sub stacks of each sample. The spectra in [Fig. 2(a)](#f2){ref-type="fig"} show that the La diffused into the entire TiN layer uniformly. As the thickness of LaO increased, the concentration of La increased; consequently, Si atoms piled up at the LaO/SiO~2~ interface, indicating that a La-silicate layer has formed at the interface. The diffusion of Si to the uppermost surface of the oxide layers has been reported by several groups[@b13][@b14][@b15]. The driving force of the emission of Si from the Si interfaces is believed to be the compressive stress at the SiO~2~/Si interface that occurs during oxidation[@b16]. As the thickness of LaO increased, the concentration of La in SiO~2~ also increased, indicating that La-silicate has formed at the interface. Based on simulations, A. Spessot *et al*.[@b8] reported that EWF shifts positively as the La-silicate increases.

[Figure 2(b)](#f2){ref-type="fig"} illustrates the TEM and TEM-EDS results of the TiN(3 nm)/ZrO/SiO~2~ (7 nm) stack structures post annealing at 950 °C. Contrary to the LaO capping layer, Zr was not observed in the TiN layer, although a Zr-silicate was formed at the interface of the ZrO and the lower SiO~2~. The concentration of Zr in the Zr-silicate increased with increasing the thickness of ZrO (5, 8, and 11 Å). The Zr-silicate was formed owing to the diffusion of Zr into SiO~2~, which results in a positive shift in the EWF. The amount of Zr in Zr-silicate is proportional to the positive shift of the EWF.

[Table 1](#t1){ref-type="table"} showed the composition results obtained from RBS analysis of the TiN/LaO/SiO~2~/Si-sub stack with varied sample thicknesses. When the thickness of LaO was increased from 4.5 to 7 Å, and from 7 to 10 Å, the concentration of La in the TiN layer also increased from 3.1% to 5 at%, and from 5% to 6.8 at%, respectively.; the La concentration in the La-silicate layer increased from 1.3% to 1.5%, and from 1.5% to 1.8%, respectively. As a result, the EWF was minimized when the concentration of La was approximately 5%, which corresponds to the LaO thickness of 7 Å in [Fig. 1(a)](#f1){ref-type="fig"}. In our previous study[@b12], density functional theory (DFT) calculations demonstrated that the EWF decreases exponentially as the concentration of La increases in a TiN gate electrode. On the other hand, the EWF increases linearly when the concentration of La in the interface between LaO and SiO~2~ increases. Experimentally, we could control the atomic concentration of La by varying the thickness of inserted-LaO layer.

If the atomic concentration of La exceeds 5%, a negative EWF shift obtained by further La doping in the TiN layer become saturated, whereas the increase in La-silicate caused the EWF to shift positively, resulting in an increase in the total EWF.

We suggest the following semi-empirical EWF equation for the TiN/LaO/SiO~2~/Si-sub stack to illustrate the above mentioned phenomenon:

The work function of TiN is 4.7 eV, and the total EWF may be calculate from [Eq. (2)](#eq2){ref-type="disp-formula"}. In this case, a = 1.65, b = 0.74, and c = 0.98 are constants extracted from the quantitative RBS simulation, and x and y are the concentration (atomic%) of La in TiN and La-silicate, respectively.

[Figure 3](#f3){ref-type="fig"} shows the EWF as a function of La doping concentration in TiN, based on [Eq. (2)](#eq2){ref-type="disp-formula"}. The area marked using a red box represents the condition in which the EWF of the TiN/LaO/SiO~2~/Si-sub stack is lower than the work function of TiN(4.7 eV). These results are useful for adjusting the EWF in TiN/LaO/SiO~2~/Si-sub structured devices. We performed additional experiments using the inserted ZrO layer, which can be utilized as a work function control layer.

[Table 2](#t2){ref-type="table"} showed the RBS quantitative analysis of the TiN/ZrO/SiO~2~/Si-sub stack for various sample thicknesses. It was estimated that little Zr exists in the TiN layer; however, the concentration of Zr in the Zr-silicate layer was increased from 5.7% to 11.2 and from 11.2% to 18.8 at% as the ZrO thickness was increased from 5 to 8 Å, and from 8 to 11 Å, respectively.

[Figure 4](#f4){ref-type="fig"} shows the work function depth profiling data of a TiN/(LaO or ZrO)/SiO~2~/Si stack structure.

[Figure 4(a,b and c)](#f4){ref-type="fig"} show TEM images of a TiN/(without insert layer; reference TiN, LaO 10 Å, ZrO 11 Å)/SiO~2~/Si stack structure. [Figure 4(d,e and f)](#f4){ref-type="fig"} show the work functions of TiN/(without insert layer; reference TiN, LaO 10 Å, ZrO 11 Å)/SiO~2~/Si stack samples, which were obtained from the cutoff energy of the secondary electron emission generated with the electron gun of Auger system[@b12]. Their Fermi levels (*E*~*F*~) were aligned when both the samples and analyzer were grounded. The hemispherical energy analyzer was used to obtain the secondary electron energy distribution emitted onto the sample by the incident electron beam. Therefore, the cutoff values, *E*~*on*~, of a secondary electron emission spectrum excited by the primary electron beam is the difference between vacuum levels (*E*~*vac*~) of the sample and energy analyzer as shown as follows,

where φ~S~ and φ~A~ are the work functions of the sample and the analyzer, respectively.

Thus, *E*~*on*~ measures the difference between the work functions of the sample and the analyzer. The work function of the analyzer can be obtained by using samples with well-known work functions[@b9][@b17]. Using the work function measurement in AES system, the work function of the top surface in reference sample (without insert layer) and La doped TiN of LaO (10 Å) were determined to be 4.7 eV, and 4.5 eV, respectively.

Furthermore, the work function of the top surface (TiN) of the ZrO (11 Å) sample was measured to be 4.72 eV. The Zr atoms from the ZrO did not diffuse into the TiN, and the work function value was approximately 4.72 eV in these samples with the TiN as a reference. The La atoms in LaO were found to be diffused into the TiN layer, and the work function in these samples was measured to be 4.5 eV, which is low compared to that of the inserted ZrO layer. When compared to the RBS data shown [Table 1](#t1){ref-type="table"}, the quantified La doping concentration in LaO is 10 Å, which is measured at a concentration of approximately 5% La in the TiN layer. The work function of TiN reduced to 0.2 eV at samples containing concentration of 5% La.

The schematic diagrams of work function depth profiling for the reference sample (TiN/SiO~2~/Si), TiN/LaO/SiO~2~/Si, and TiN/ZrO/SiO~2~/Si are shown in [Fig. 4(g,h and i)](#f4){ref-type="fig"}, respectively.

Accordingly, we found the formation of interface dipole in TiN/(reference, LaO and ZrO)/SiO~2~/Si stack structure. In this case, La and Zr atoms are diffused into the interface of TiN/(LaO or ZrO) and (LaO or ZrO)/SiO~2~ by thermal annealing. For the first interface dipole, that is, the interface dipole is formed between (La doped- TiN, TiN) and (LaSiOx, ZrSiOx), and in the second interface dipole is formed between (LaSiOx, ZrSiOx) and SiOx layer. The second interface dipole can be attributed to the fact that oxygen is reduced at the interface between LaO and ZrO and the La(Zr) -O-Si bonding is transformed into La(Zr) -Si bonding at the interface[@b18] by reducing the interfacial oxygen density. That is, interface dipole is formed by the change of La, Zr and oxygen in the interface.

In addition, [Fig. 4](#f4){ref-type="fig"} shows the work function depth profile where the vacuum level increases in the depth direction of TiN/(ref, ZrO, LaO)/SiO~2~. These results show the direction of the dipole moments. And these results show that the work function at the interface between TiN and oxide layers increases in the direction of depth. In other words, the vacuum level increases in the direction of depth in the TiN/(reference, LaO and ZrO)/SiO~2~ thin films. Further, we know the direction of the dipole moment. As shown in the [Fig. 4(g,h and i)](#f4){ref-type="fig"}, the direction of the interface dipole in both TiN/LaO and TiN/ZrO was the same.

Furthermore, in all groups, the direction of the SiO~2~/Si interface dipole was also the same, i.e., the dipole direction is opposite to the TiN/LaO and ZrO thin films. These results are good agreement with other report[@b19]. As a result, the EWF in ZrO shifted positively owing to the interface dipole. On the other hand, in case of LaO, the EWF was determined using the sum of the dipole and the La doped TiN effect, which reduces the EWF as described in [Eq. (2)](#eq2){ref-type="disp-formula"}.

Conclusions
===========

We developed techniques, which can be used to alter *V*~*FB*~ in high reliability devices with a TiN/SiO~2~ structure, and proposed driving mechanisms. By doping with La and Zr in TiN, *V*~*th*~ was controlled for both TiN/LaO and TiN/ZrO in high reliability devices. We suggested a semi-empirical equation that predicted the EWF and dipole direction as a function of composition ratio in each region of a TiN/LaO/SiO~2~/Si stack. Moreover, we confirmed that the EWF is measurable directly via the work function depth profiling by using AES system. In summary, this study presented a useful analytical method for directly determining the work function depth profiling, which can be useful to improve device characteristics including EWF, *V*~*FB*~, and *V*~*th*~.
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![(**a**) Capacitance and voltage characteristics of LaO and ZrO at various deposition thicknesses and (**b**) the work function measurements observed using UPS and AES.](srep43561-f1){#f1}

![The cross-sectional TEM and TEM EDX spectrum of (**a**) LaO and (**b**) ZrO according to deposition thickness in a TiN/LaO, ZrO/SiO~2~/stack structure.](srep43561-f2){#f2}

![Calculated EWF as a function of La doping concentration in TiN and La-silicate (the inserted values) obtained from [Equation (2)](#eq2){ref-type="disp-formula"}.](srep43561-f3){#f3}

![TEM image of (**a**) TiN/SiO~2~/Si (Ref.), (**b**) TiN/LaO 10 Å/SiO~2~/Si and (**c**) TiN/ZrO 11 Å/SiO~2~/Si stack structure. The work function of (**d**) reference sample (**e**) LaO and (**f**) ZrO sample according to the depth profiling. The schematic work function depth profiling of (**g**) reference sample, (**h**) LaO and (**i**) ZrO.](srep43561-f4){#f4}

###### RBS composition ratio of top layer (La doped TiN) and LaO/SiO~2~ interface layer in the TiN/LaO/SiO~2~/Si structure.

  Sample       Top layer (La doped TiN)   LaO/SiO~2~ interface layer (La silicate)                            
  ----------- -------------------------- ------------------------------------------ ----- ------ ----- ------ ------
  LaO 4.5 Å              36.4                               25.7                     3.1   31.3   1.3   59.8   26.6
  LaO 7 Å                21.2                               12.3                     5.0   54.7   1.5   61.4   25.0
  LaO 10 Å               23.2                               13.5                     6.8   51.3   1.8   64.8   23.5

###### RBS composition ratio of top layer (TiN) and ZrO/SiO~2~ interface layer in the TiN/ZrO/SiO~2~/Si structure.

  Sample      Top layer (TiN)   ZrO/SiO~2~ interface layer (Zr silicate)                         
  ---------- ----------------- ------------------------------------------ --- ---- ------ ------ ------
  ZrO 5 Å          34.4                           45.6                     0   20   5.7    65.8   20.3
  ZrO 8 Å          34.4                           45.6                     0   20   11.2   63.7   17.2
  ZrO 11 Å         34.4                           45.6                     0   20   18.8   58.5   17.3
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